ABSTRACT. Avocado (Persea americana Mill.) possesses a unique flowering mechanism, thought to promote outcrossing, in which the male and female parts of the perfect flower function at different time periods. Cultivars are classified as Flowering Type A, where flowers are functionally female the morning of one day and functionally male the afternoon of the next day, or Flowering Type B, where flowers are functionally female in the afternoon and functionally male the next morning. Avocado growers typically interplant cultivars of opposite flowering types to maximize yield. Recently, it has been hypothesized that 90% to 95% of avocado flowers are self-pollinated in southern Florida. However, this hypothesis does not address whether mature, marketable avocado fruit in Florida are the result of outcrossing. To determine whether avocado fruit in southern Florida result from self-pollination or outcrossing, fruit were harvested from a commercial orchard in Miami-Dade County, Florida, from a block consisting of two cultivars, Simmonds (Flowering Type A) and Tonnage (Flowering Type B), interplanted in approximately equal numbers. Seeds were germinated and the resulting progeny were genotyped using eight fully informative, microsatellite markers. Seventy-four percent of the 'Simmonds' progeny and 96% of the 'Tonnage' progeny were judged to be the result of cross-pollination, with an estimated overall outcrossing rate of 63% to 85% within this particular block of the orchard. Seedlings judged to be the result of cross-pollinations between 'Simmonds' and 'Tonnage' are being maintained at the U.S. Department of Agriculture-Agricultural Research Service, Subtropical Horticulture Research Station and are being evaluated for segregation of important agronomic and horticultural traits.
Avocado is an evergreen tree native to Mesoamerica. Persea americana is a polymorphic species consisting of several botanical varieties, or subspecies, adapted to geographically distinct microenvironments. These include wild botanical varieties [var. floccosa Mez, var. steyermarkii Allen, var. nubigena (Williams) Kopp] and three horticulturally important botanical varieties, also known as ''races'' [var. americana Mill. (''West Indian'') , var. guatemalensis Williams (''Guatemalan''), and var. drymifolia (Schlecht. and Cham.) Blake (''Mexican''); Scora and Bergh 1990] . Because of the adaptation to microclimates, hybrids of Guatemalan-Mexican botanical varieties are cultivated in the dry Mediterranean-like environments of California, Israel, Chile, South Africa, and the upland areas of Asia. West Indian or hybrids of West Indian-Guatemalan botanical varieties are cultivated in the more humid tropical environments of Florida, Hawaii, Southeast Asia, and the Caribbean. Mexico is the primary producer of avocados, centered around the state of Michoacán, and 'Hass' is the most widely grown cultivar worldwide .
Avocado possesses a unique flowering mechanism, called diurnally synchronous protogynous dichogamy, in which the male and female parts of the perfect flower are functional at different time periods (Davenport, 1986; Ish-Am, 2005) . Cultivars are classified based upon their flowering behavior as Flowering Type A or Type B (Stout, 1933) . Flowering Type A cultivars open in the morning as functional female flowers, close, and then reopen the next day in the afternoon as functional male flowers corresponding to a 36-h cycle. Flowering Type B cultivars first open in the afternoon as functional female flowers, and then the next morning as functional male flowers in a flowering cycle lasting 24 h. Flowering Types A and B compliment one another in that they temporally overlap when one is functionally male and the other is functionally female. This is thought to promote outcrossing between avocado trees of opposite flowering types.
Since the first descriptions of the flowering behavior of avocado (Nirody, 1922; Stout, 1923; Stout and Savage, 1925) , the necessity of interplanting cultivars of opposite flowering types to maximize yield has been debated (Davenport, 1986) . Early studies and anecdotal reports indicated that interplanting cultivars of opposite flowering types in close proximity increases yield (Bekey, 1986; Gustafson and Bergh, 1966; Robinson, 1933) . However, studies using ''tented'' or ''caged'' trees with or without pollinators, presumably excluding any pollination events by any external pollen, were equivocal (Clark and Clark, 1926; Degani and Gazit, 1984; Robinson, 1933) . A recent report suggests that total exclusion of external pollen may have been unrealized unless the tents were diligently maintained (Degani et al., 2003) . Furthermore, floral initiation, flowering behavior, and pollen-tube growth are sensitive to microenvironmental conditions, and can be pronounced within individual cultivars (Bringhurst, 1951; Buttrose and Alexander, 1978; Papademetriou, 1976; Robbertse et al., 1995; Robinson, 1933; Salazar-Garcia et al., 1999; Sedgley, 1977; Sedgley and Annells, 1981; Sedgley and Grant, 1983; Sedgley et al., 1985; Stout, 1933; Stout and Savage, 1925) . Flowering Type B cultivars are reportedly more sensitive to microenvironmental variations (Peterson, 1956; Sedgley and Grant, 1983) .
The application of genetic markers has done little to resolve the debate concerning the interplanting of mixed flowering types. Isozymes developed for avocado Bergh, 1978, 1980) have been used almost exclusively for the identification of potential pollen donors. The majority of studies have been conducted in the Mediterraneanlike climates of California (Kobayashi et al., 2000; VrecenarGadus and Ellstrand, 1985) , Israel (Degani et al., 1986 (Degani et al., , 1989 (Degani et al., , 1997 Goldring et al., 1987) , South Africa (Robbertse et al., 1998) , Chile (Gardiazabal and Gandolfo, 1995) , and Australia (Sulaiman et al., 2004) . Outcrossing has been demonstrated in all studies, but the rate varies according to location, orchard design, developmental stage of the fruit sampled, and the cultivar(s) used as potential pollen donors. An early study in California in commercial 'Hass' orchards using isozymes demonstrated that orchard design affects the level of outcrossing, but described a weak link with overall yield (Vrecenar-Gadus and Ellstrand, 1985) . Random amplified polymorphic DNA markers used to investigate outcrossing in commercial 'Hass' orchards in California attributed variations in yield to the effects of location (microclimate) and its interaction with the potential pollen donor rather than to the outcrossing rate observed (Kobayashi et al., 2000) . In the abovementioned studies, outcrossing rates were usually inferred because of the limited informativeness of a small number of available molecular markers. The development of three sets of microsatellite markers (Ashworth et al., 2004; Borrone et al., 2007; Sharon et al., 1997) expands the potential number of fully informative markers available. Recently, 10 microsatellites were used to type progeny obtained from a single tree of 'Gwen' in California. Virtually all (203 of the 204 progeny tested) were a result of outcrossing Chen et al., 2007) .
The debate regarding the necessity of interplanting cultivars of opposite flowering types has been reignited by a hypothesis, initially based upon direct observation and manipulation of pollination events, that self-pollination occurs in 90% to 95% of the avocado flowers in Florida (Davenport et al., 1994) . Originally proposed because of the subtropical environmental conditions prevalent in southern Florida, this hypothesis has since been expanded to the Mediterranean-like climate of California (Davenport et al., 2006) . This hypothesis does not address whether mature fruit in Florida are primarily a result of self-(and close-) or cross-pollination events. Only an extremely small percentage of flowers produced by a single avocado tree, less than 0.1% flowers, ultimately set fruit. The number of fruit reaching maturity is further reduced by fruit drop, and evidence suggests that there is a bias against self-or close-pollinated fruit and that stressful environmental conditions may influence the amount of fruit abortion that occurs (Degani et al., 1986 (Degani et al., , 1997 .
As part of a program to develop increased rootstock tolerance to phytopthora root rot in Florida, 1925 mature fruit were acquired from a block of an orchard in Miami-Dade County, Florida, interplanted with two cultivars of opposite flowering types, Simmonds (Flowering Type A) and Tonnage (Flowering Type B), in about equal numbers. 'Simmonds' and 'Tonnage' avocado are reported as able to self-pollinate (Davenport, 1999; Imbert, 1997) . Progeny were genotyped using eight fully informative ('Simmonds' and 'Tonnage' do not share any alleles in common) microsatellite markers. This provides an estimation of the level of outcrossing occurring in Florida within mature, marketable fruit.
Materials and Methods
FRUIT. Avocados were sampled from a commercial orchard (Brooks Tropicals, Homestead, FL). The overall orchard (Block 155; Fig. 1 ) is 62.7 ha, and is bordered on the north and west by major roads and to the southeast by a railroad track. Mature, flowering trees are planted in three blocks. Fruit were obtained from the north-westernmost block of the orchard (Block 1) consisting of 25 rows · 38 trees of 'Simmonds' (Flowering Type A) and 'Tonnage' (Flowering Type B) interplanted with one another. From west to east, rows one and two are 'Simmonds', rows three and four are 'Tonnage', and this arrangement alternates for a total of 24 rows ending with a single row (row 25) of 'Simmonds' ( Table 1 . All measurements were made 2 m from the ground at the Homestead Experiment Station, no. 084901, located 6.7 km south of the orchard at the University of Florida, Tropical Research and Education Center (lat. 25°30#N long. 80°30#W).
GERMINATION. Fruit were kept at room temperature in the original boxes in which they had been packaged, or removed and placed within paper bags, until ripe. Seeds were removed from the ripened fruit, and planted immediately ('Simmonds') or allowed to ''dry'' for up to 1 week and then planted ('Tonnage'). Before planting, the seedcoats were removed from all seeds except for 150 seeds obtained from overripened 'Simmonds' fruit. A total of 869 'Simmonds' and 1057 'Tonnage' seeds were planted. The seeds were allowed to germinate over 3 months in separate greenhouses. After planting, the pots were treated one time with a copper-based fungicide. Germinated seedlings were treated one time with a mixture of abamectin and imidacloprid. Pots were watered by hand as needed (up to twice per day) to keep the medium moist. After 3 months, seeds that either had not germinated or had ''germinated'' but produced only roots (no shoots) were discarded.
SUBSTRATE. Seeds were germinated in 3.8-L plastic pots, lined with paper towels, in vermiculite. After the first whorl of true leaves had formed, the seedlings were repotted (in the same pots) into a soilless medium (Nursery Mix; Atlas Peat & Soil, Boynton Beach, FL) consisting of 50% pine bark, 10% sand, 40% coir dust, 4.5 kgÁm -1 of dolomite, and 1.5 kgÁm -1 micromax, and were fertilized (9 g per pot of Nutricote Total Type 180, 18N-2.6P-6.6K; Florikan E.S.A. Corp., Sarasota, FL). Before repotting, the soilless medium was steamed for 6 to 7 h until a temperature of 82°C was reached, as determined with a compost thermometer, to reduce any potential fungal contaminates. The medium was allowed to cool overnight, and was then steamed a minimum of 2 h the next day, and allowed to cool overnight again.
SAMPLING. DNA was isolated using the FastDNA SPIN Kit (MP Biomedical, Solon, OH) as described in Schnell et al. (2003) from young, fully expanded, green leaves collected from the seedlings. For seedlings that had multiple stems, the individual stems were tagged, and DNA was isolated separately from leaves collected from each stem. Leaves were also collected randomly from 'Tonnage' and 'Simmonds' trees in Block 1 from which the fruit were harvested.
SCREENING OF PROGENY. The progeny were screened with eight microsatellites (Table 2 ). Six microsatellites (Lavi et al., 1994; Sharon et al., 1997) have been used previously to characterize the avocado germplasm collection maintained at the U.S. Department of Agriculture (USDA)-Agricultural Research Service (ARS), Subtropical Horticulture Research Station (SHRS), Miami, Florida (Schnell et al., 2003) . Two others, SHRSPa010 and SHRSPa055 (Borrone et al., 2007) , were recently developed by data-mining P. americana expressed sequence tag sequences developed as part of the Floral Genome Project (Albert et al., 2005) . These loci were selected specifically because 'Simmonds' and 'Tonnage' do not share alleles in common (Table 2 ).
All polymerase chain reactions (PCRs) were prepared with a MultiPROBE II PLUS HT EX Robot Liquid Handling System (PerkinElmer, Life Sciences, Dowers Grove, IL) and conducted with PTC-225 thermal cyclers (MJ Research, Waltham, MA) in 96-well plates. Each PCR contained 0.1 mM forward primer, 0.1 mM reverse primer, 200 mM dNTPs, 10 ng of bovine serum albumin, 1· PCR buffer (10 mM Tris-HCl, 50 mM KCl, and 1.5 mM MgCl 2 , pH 8.3, at 25°C), 0.5 U of NEB polymerase (New England Biolabs, Ipswich, MA), and 1 mL of a 1:20 dilution (%5-20 ng) of DNA in a total volume of 10 mL. Thermal cycler conditions were: 94°C for 2 min [94°C for 20 s; annealing temperature (T A )°C, 45 s; 72°C, 1 min] · 35 or 40 cycles; 72°C for 10 min, and held indefinitely at 4°C (see Table 2 for T A ). Post-PCR, samples were diluted up to 20 mL with sterile H 2 O, ethanol-precipitated, and resuspended in 20 mL of H 2 O. One microliter of the PCR product was added to 19.9 mL of H 2 O and 0.1 mL of ROX-labeled GeneScan-400HD molecular size standard (Applied Biosystems, Foster City, CA), denatured at 95°C for 1 min, and chilled on ice. Capillary electrophoresis was performed on the ABI Prism 3730 Genetic Analyzer using Performance Optimized Polymer 7 (POP 7; Applied Biosystems), and analyzed using GeneMapper version 4.0 (Applied Biosystems). Analysis of the potential pollen donor was performed manually. Progeny were determined as potentially the result of self-pollination if only maternal alleles were found at all scorable loci, and potentially the result of an outcross if one or more loci had an allele other than those found in the maternal parent. The results determined manually were verified using CERVUS, version 3.0 (Marshall et al., 1998; Slate et al., 2000) .
Results and Discussion
The germination rate (Table 3 ) differed between the 'Tonnage' and 'Simmonds' seeds and may reflect differences in the environmental conditions of the separate greenhouses, treatment the seeds received before planting, or the developmental stage of the individual embryos (Perán-Quesada et al., 2005) . A small number (<40) of the 'Simmonds' seeds initiated germination, but only produced roots, and had not produced shoots, by the arbitrarily determined 3-month cutoff. This lack of full germination was not observed in any of the 'Tonnage' progeny. A single 'Simmonds' and three 'Tonnage' seedlings had the opposite developmental phenotype where the seedling produced a single shoot with fully expanded leaves, but had not developed roots at the time of repotting. After repotting, these ''rootless'' progeny developed apparently healthy, normal-looking root systems. These developmental phenotypes, roots or shoots only, are similar to those described for in vitro germination of immature avocado zygotic 'Hass' embryos (Perán-Quesada et al., 2005) . Few other phenotypic differences were noted in the seedlings, the only other obvious phenotype was a single variegated 'Simmonds' seedling.
Five of the eight microsatellite loci amplified well across all samples. Three of the loci investigated, AVAG06, AVAC01, and SHRSPa055, were inconsistent in amplification and suffered from an excess of ''allele dropout.'' In all cases, the affected allele was the larger of the two alleles present in 'Tonnage' (Table 2) . Inconsistent amplification, the detection of ''null'' alleles, among avocado accessions has been previously noted in microsatellite markers developed for avocado (Ashworth et al., 2004; Borrone et al., 2007; Sharon et al., 1997) . Post-PCR treatment with ethanol or, in a subset of samples, exonuclease (data not shown) for these three loci did not improve the electropherograms, suggesting that the results obtained were because of selective amplification, not preferential electrokinetic injection, of the smaller-sized alleles during electrophoresis. This was verified by reamplification of a subset of samples with SHRSPa055 in which the ''missing'' allele was ''recovered'' (data not shown). Therefore, AVAG06, AVAC01, and SHRSPa055 were only partially informative for determining outcrossing. Overall, the average amount of missing data were low, only 1.3 (SD = 0.93) loci/sample. One sample failed to amplify across a majority of the loci, and three progeny possessed alleles at one or more loci other than those of the presumed maternal parent. These were excluded from further analysis (Table 3) . Samples collected randomly from 'Tonnage' and 'Simmonds' trees interplanted in Block 1 of the orchard were genetically identical with the 'Tonnage' and 'Simmonds' accessions maintained in the As determined 3 months after planting. Seeds that only produced roots and did not produce shoots were included in this category. y Progeny were not assayed because they had germinated and died before sampling, or they did not have any leaves at the time of sampling. x Progeny were excluded from the analysis because of poor amplification across all loci tested (one seedling), or because they did not possess any maternal alleles at one or more loci (three seedlings). w Expected and percentage expected outcross and self-pollinations were calculated assuming that each individual tree in Block 1 had an equal probability of pollinating any other individual tree in Block 1, including itself. Block 1 contained 494 'Simmonds' trees and 456 'Tonnage' trees. v df = 1; F = 10.83, P = < 0.001.
germplasm collection (USDA-ARS, SHRS National Germplasm Repository, Miami, FL). The incidence of multiple-stems was similar among the progeny obtained from each cultivar, 61 (8.7%) of the 'Simmonds' and 73 (9.9%) of the 'Tonnage'. Although rare, multiple embryos have been described in avocado and are usually associated with the presence of three or more cotyledons. Multiple stems in avocado usually arise from early branching occurring at the cotyledonary node (Schroeder, 1944) . All seedlings with multiple stems had only two cotyledons, and in all but one instance, multiple stems from an individual seed were genetically identical with one another. The single difference noted could not be verified as the smaller, adventitious shoot had not survived when an attempt was made to resample. There was no obvious relation between the occurrence of multiple stems and parentage of the progeny (self vs. outcross).
A significant number of the progeny, 1208 of the 1425 assayed, were judged to be the result of outcrossing, and the estimated level of outcrossing within Block 1 of the orchard is 84.8% (Table 3) . This is consistent with outcrossing rates reported in both Chile and California for 'Hass' orchards designed in a similar manner (Gardiazabal and Gandolfo, 1995; Vrecenar-Gadus and Ellstrand, 1985) . This does not account for seeds that failed to germinate. It is possible that germination failure could be attributable to some unknown mechanism potentially associated with inbreeding. This is unlikely as the greater percentage of seeds that failed to germinate were from 'Tonnage', a Guatemalan-West Indian hybrid that is highly heterozygous (>85%), whereas 'Simmonds' is 35% heterozygous, as estimated from microsatellite data. A number of the 'Simmonds' seeds that failed to germinate at all were from the 150 seeds in which the seedcoat was left on (data not shown), a factor known to inhibit seed germination in avocados (Bergh, 1988; Eggers, 1942; Whiley and Whiley, 2005) . Even if seeds that failed to germinate are included as selfs, the overall outcrossing rate measured in Block 1 of the orchard is 63% (c 2 = 44.8, df = 1, F = 10.83, P = < 0.001). If 90% to 95% of flowers in Florida are the result of selfpollinations as has been hypothesized, then significant differences in successful fertilizations of the ovary or the degree of flower and fruitlet abscission, biased against selfed or closepollinated fruit, are potential mechanisms explaining the high number of outcrossed individuals detected in mature, marketable fruit. It has been demonstrated that successful penetration of the ovary by pollen is time and temperature dependent, and varies among pollen donors (Robbertse et al., 1995; Sedgley, 1977; Sedgley and Grant, 1983) . Selective abscission of highly homozygous, immature fruitlets has been observed in Israel (Degani et al., 1986 (Degani et al., , 1997 . 'Simmonds' and 'Tonnage' exhibit the two different mechanisms, Type 1 and Type 2, affecting avocado fruit set. 'Simmonds' initially sets a large crop with subsequent fruit drop (Type 1), whereas 'Tonnage' (Type 2) typically has a smaller initial fruit set with very little drop (Davenport, 1982; M. Bass, pers. comm.) . Climatic conditions during the flowering period of 'Simmonds' and 'Tonnage' avocado in 2006 were comparable with the means obtained over a thirty year period, 1971 through 2001, for Homestead, Florida (Table 1 ). The monthly maximum and minimum mean daily temperatures were similar to the optimal maximum/ minimum temperatures reported for flowering and pollen tube growth (Robbertse et al., 1995; Sedgley, 1977; Sedgley and Grant, 1983 ).
There was a significant difference in the ''identity'' of the potential pollen donor between the two cultivars. For the 'Tonnage' progeny, 'Simmonds' was determined as the potential pollen donor for 592 of the 672 (88.1%) outcrossed individuals; only 80 'Tonnage' progeny were outcrosses with an ''unknown'' pollen donor. For the 'Simmonds', 74% of the progeny were outcrossed; however, the outcrossed seedlings were equally divided between those potentially pollinated by 'Tonnage' (278) and those pollinated by another, undetermined donor (258). In Florida, 'Simmonds' initiates flowering slightly earlier than 'Tonnage' (M. Bass, personal communication). The difference noted between the two cultivars of the potential pollen donors is likely because of this difference in flowering period.
An attempt was made to determine the potential identity of these ''unknown'' pollen donors. Data over 14 microsatellite markers had previously been collected from representative accessions maintained at the USDA-ARS, National Germplasm Repository in Miami, Florida (Schnell et al., 2003) for three of the five other cultivars (Monroe, Choquette, and Tower 2) present within other regions of the orchard (Fig. 1) . The genotypes of 'Hall' and 'Nadir' are unknown. 'Choquette', 'Tower 2', 'Monroe', and 'Simmonds' were found to be genetically similar with one another for six of the eight loci used in this study (Table 4 ). For example, between 'Tower 2' and 'Simmonds', only two loci are partially informative (they share an allele in common) out of the 14 loci for which they have been genotyped (Schnell et al., 2003) . Thus, it is possible that the number of selfed 'Simmonds' progeny is overestimated.
Immediately south of the 'Simmonds' and 'Tonnage' interplanting is a solid block of 'Monroe' (Block 2, Fig. 1 ). In Florida, the flowering period of 'Monroe' overlaps very little with 'Simmonds' or 'Tonnage' (Davenport, 1982; M. Bass, pers. comm.) . None of the outcrossed 'Tonnage' progeny of unknown pollen donor could be identified as originating from 'Monroe', and only eight (10%) of the outcrossed progeny of ''unknown'' parentage from 'Tonnage' could be assigned with any degree of certainty to 'Choquette' (data not shown). Interestingly, if any outcrossing occurred among the cultivars reportedly within the commercial orchard sampled, then pollen was dispersed over a minimum of >300 m (as estimated from satellite photos; Google-Imagery et al., 2007) . Another potential source of the ''unknown'' pollen donors is an avocado orchard of unknown composition to the west (across the major road) of the sampled 'Simmonds' and 'Tonnage' block (%100-150 m away). Similar difficulty has been described in trying to determine the potential pollen donors for open-pollinated progeny obtained from a single 'Gwen' tree in California Chen et al., 2007) .
The genetic similarity noted among the potential pollen donors is not a trivial matter for breeding purposes, classification of cultivars by horticultural race, or determining the ''evolutionary'' relationships of cultivated versus wild Persea species using molecular markers. The degree of relatedness of avocado cultivars is generally unknown, as selection has historically been made from open-pollinated seedlings. This, as well as other results obtained in our laboratory (H. Violi, personal communication), suggest that commercially important Florida cultivars originate from a narrow genetic base, similar to what has been described for Florida cultivars of mango (Mangifera indica L.; Schnell et al., 2006) . The 870 progeny originally judged as outcrosses between 'Simmonds' and 'Tonnage' have been assayed with 60 additional microsatellite primers (data not shown). Based upon mismatches at more than one locus, 14 of these individuals have been further identified as ''off-types'' (the potential pollen parent is not 'Simmonds' or 'Tonnage'). Twelve of the 14 ''off-types'' have 'Tonnage' as the maternal parent.
In summary, 1425 seedlings obtained from 'Simmonds' or 'Tonnage' interplanted with one another within a block of an avocado orchard in southern Florida were assayed with eight microsatellite markers. The overall level of outcrossing detected was 85%, significantly higher than the 50% expected by chance alone. The level of outcrossing detected for each cultivar, 96% for 'Tonnage' versus 74% for 'Simmonds', and the identity of the potential pollen donor varied. Because of the genetic similarity of 'Simmonds' with other potential pollen donors, the level of outcrossing for 'Simmonds' may have been underestimated. The results of this study are limited to a single year and a single block of an avocado orchard, but demonstrate that under certain conditions, high levels of outcrossing can occur in southern Florida. If indeed 90% to 95% of avocado flowers are self-pollinated in southern Florida, then variations in pollen tube growth or genetically based selective flower and fruit abscission may explain the high levels of outcrossing observed in progeny obtained from mature, marketable fruit. What effect, if any, outcrossing rate has on overall fruit yield in southern Florida remains to be determined. Seedlings judged to be the result of cross-pollinations between 'Simmonds' and 'Tonnage' are being maintained at the USDA-ARS, SHRS, and are being evaluated for segregation of important agronomic and horticultural traits.
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